ABSTRACT: The Regina (R p ) and Annalisa (A p ) gas platforms, placed in the northern Adriatic Sea at different depths and distances from the coast, were monitored for 3 yr to evaluate changes induced by their construction on natural-habitat fish assemblages. Fishes were sampled monthly with a trammel net both at the rigs and at 2 open-sea control sites. From a qualitative point of view, both platforms showed their influence within the first year after their installation, inducing higher species richness and greater diversity of fish assemblages due to the appearance and constant occurrence of reef-dwelling or partially reef-dwelling species, which are rare in the natural habitat. In terms of biomass, the platform further offshore and in deeper water (A p ) had higher fish abundances than that closer to shore in shallower waters, revealing a greater and faster aggregation effect. This difference was mainly due to an increase in pelagic and nekto-benthic fishes, which are partially attracted by hard substrates. A few voracious predators were also recorded at this site, probably in response to the increase in prey biomass.
INTRODUCTION
The role of gas and oil platforms in the distribution and abundance of local fish communities has been investigated in a few areas such as southern California, Gulf of Mexico, western coast of Africa and North Sea. In these areas there is evidence that offshore platforms support fish and invertebrate populations and, hence, act as artificial reefs inducing a redistribution of the resources and providing, in some cases, acceptable conditions for increase of biomass (Hastings et al. 1976 , Olsen & Valdemarsen 1977 , Valdermarsen 1979 , Gallaway et al. 1981 , Putt 1982 , Gerlotto et al. 1989 , Stanley & Wilson 1990 , 1991 , 1996 , 1997 , 1998 , ScarboroughBull & Kendall 1994 , Furevik & Valdemarsen 1995 , Love et al. 1999 , 2000 , Page et al. 1999 , Jørgensen et al. 2002 , Løkkeborg et al. 2002 . As these structures extend throughout the entire water column, their effects are not confined to demersal fishes, but also involve pelagic species that congregate about them, attracted either by the solid, reef-like nature of the supporting structures, or by the numerous smaller forage organisms in the area. Small pelagic fishes tend to remain from near the surface to mid-depth within or up-current from the platforms, while large, predatory, pelagic species are reported to swim from the surface to mid-depth around the platforms, rarely venturing within them (Hastings et al. 1976 , Gallaway et al. 1981 , Stanley & Wilson 1990 , Scarborough-Bull & Kendall 1994 .
In the Mediterranean Sea, little information exists on fish resources associated with these installations, and only in the last few years have specific investigations been undertaken in the northern and central Adriatic Sea, where about 90 platforms are located (Bombace et al. 1999 , Fabi et al. 2002a ). The aim was to evaluate the changes induced by the installation of these structures on natural-habitat fish assemblages of this semi-enclosed basin, which is characterised by a flat and homogeneous seabed consisting of a wide continental shelf that is completely trawlable, where the offshore platforms provide the only hard-bottom habitat, and by peculiar oceanographic features that strongly depend on its geographical location and morphology, climatic conditions, freshwater river inflow and water exchange with the Ionian Sea.
The present paper reports the results of 3 yr monitoring programme carried out in cooperation with ENI S.p.A. (Ente Nazionale Idrocarburi) on 2 gas platforms in the northern Adriatic Sea, with different depths, water circulation conditions and bottom types.
MATERIALS AND METHODS
Study sites. The study was carried out in the vicinity of Regina (R p) and Annalisa (A p) , two 4-leg gas platforms located 16 and 35 km offshore, respectively ( Fig. 1) , on a flat seabed without seaweed and seagrass meadows and far from natural and/or artificial hard substrates.
The R p jacket (submerged part of the platform) was installed in March 1997 on a sand -mud bottom at 21-22 m depth, about 12 km from an 8-leg platform; the drilling operations finished in October of the same year. The A p platform was set up in February 1999 on a relict sand seabed at 53-54 m depth, about 5.5 km from an 8-leg platform. Drilling operations started in June and were completed in December of the same year, with an interruption during the summer months due to technical problems.
The 2 platforms are about 22 km apart and, in terms of overall dimensions, the total volume enclosed by the A p rig (14 200 m 3 ) is 33% greater than that of the R p rig (9500 m 3 ). Data collection. Fish collections were made within a 50 m radius of the 2 platforms and also at 2 open-sea control sites about 6.5 km from R p (R c ) and 3.7 km from A p (A c ), respectively, on the same type of seabed and at similar depth. Sampling was carried out with a bottom trammel net (500 m long, 3 m high, inner mesh size 72 mm, outer mesh size 400 mm), which was lowered into the water at dusk and hauled in at dawn (an average deployment time of 12 h). The platforms and their respective control sites were sampled simultaneously in order to operate in the same weather conditions.
From February 1998 to December 2000 1 sampling per month was made at both R p and R c (a total of 35 samples per site), while 30 monthly trips were made from March 1999 to December 2001 at both A p and A c (Table 1) .
All fishes in the catches were identified to the lowest taxonomic level. Total length was measured to the lower 0.5 cm, and weight to the lower 1 g for each individual, except for sardines Sardina pilchardus and anchovies Engraulis encrasicolus, which were counted and then weighed together. Cephalopods (mantle length) and crustaceans of commercial interest (carapace length) were measured and weighed in the same way.
Data analysis. Pelagic, nekto-benthic and benthic fishes, as well as molluscs and crustaceans were treated separately. Moreover, species within each group were categorised as either attracted (AT), partially-attracted (PA) or non-attracted (NA) on the basis of their behaviour towards hard substrates. AT species are habitat-limited, obligatory reef-dependent species that use natural or artificial substrates for shelter and probably forage on them or in their immediate vicinity. PA species are mobile, partially reef-dependent species that may be temporarily attracted to hard substrates, but may be also observed in open-sea areas away from rocky habitats. NA species are those that occur naturally on soft bottoms but may be present after reef deployment, even though they have no relationship with hard substrates (Bombace et al. 1994) .
Because of differences in the net deployment times (longer in winter than in summer), and because the net was sometimes damaged, indices of abundance (number of individuals) and biomass were standardized for a 12 h set period and 500 m of net.
Total species richness (S) was computed for each site as total number of species caught in the overall sampling period and in each year. Mean abundance (N), biomass (W), number of species (S m ) and the ShannonWiener diversity index (H ', log-base 10; Pielou 1974) per year were also calculated for each site.
For N, W, S m and H ', a statistical comparison between each platform and the respective control site was made using an unbalanced, fixed effect, 2-way ANOVA (Lindman 1992) , where the factors were site and year, the latter being considered as year of construction (YC, only for A p and A c ), first year after construction (YA1), second year after construction (YA2) and third year after construction (YA3, only for R p and R c ; Table 1 ). Prior to statistical analysis, normal distribution and heterogeneity of variances were evaluated by Kolmogorov-Smirnov and Bartlett tests, respectively (Lindman 1992) . When the latter test was significant, the relationship between the means and the respective SD was analysed to check whether the ANOVA assumptions were effective. Based on these tests, N and W data were log-transformed. The Tukey HSDtest corrected for unbalanced samples was used to make comparisons across all pairs of group means when corresponding ANOVA tests were highly significant (p < 0.01) or significant (p < 0.05).
Kruskal-Wallis test was applied to evaluate differences in abundance and weight of the main species categories, because data strongly deviated from normal distribution and homogeneity of variances.
Size-frequency distributions of catches of the most representative demersal species (Trisopterus minutus capelanus) recorded at the 2 platforms were computed. A comparison of demographic structure of total catches of this species between each platform and the respective control site as well as between R p and A p was made by a non-parametric Kolmogorov-Smirnov test (Siegel 1956) .
RESULTS

Species richness
A total of 55 species (47 fishes, 4 molluscs and 4 crustaceans) were recorded at R p and 46 (42 fishes, 2 molluscs and 2 crustaceans) at R c (Appendix 1), while 61 species (51 fishes, 5 molluscs and 5 crustaceans) were caught at A p and 52 (43 fishes, 6 molluscs and 3 crustaceans) at A c (Appendix 2).
Also, total annual species richness (S) was always higher at the platforms (Fig. 2) , as was number of species (S m ) per catch between R p and R c (Fig. 2 , Table 2 ), where it remained practically constant during the overall sampling period. In contrast, S m showed similar values at A p and A c in YC, while in the 2 following years it gradually increased at the former site and remained constant at the latter. Statistical analysis confirmed that the value reached at A p in YA2 was significantly higher than that at the same site in YC and than those at A c in each sampling year (Table 2) .
Catch rates and composition
N gradually increased at R p during the 3 yr after construction, while a decrease occurred at R c (Fig. 3 , Appendix 1). In terms of biomass, catch rates were always higher at the platform and a slight increment 189 Table 1 was observed at both sites in YA3. No statistical differences were found for N or W between sites and sampling years (Table 3 ). In contrast, there were always higher annual mean catch rates, both as number of individuals and biomass, at A p than at A c (Fig. 3 ). . A gradual increase occurred at the platform during the overall sampling period until, in YA2, a significantly higher value was recorded than in YC at the same site and in each year at A c (Table 3) .
Fishes made up more than 75% of the overall catch in weight at R p and R c and more than 90% at A p and its respective control site (Fig. 3) . Pelagic species dominated at the first 3 sites, followed by nekto-benthic fishes at the platforms and benthic fishes at R c . The last group was the most important in catches at A c , followed by pelagic species.
Pelagic fishes were mainly gregarious PA (Boops boops, Spicara flexuosa, Scomber spp., Trachurus spp.) and NA (Alosa fallax, Engraulis encrasicolus, Sardina pilchardus) species (Fig. 4 , Appendices 1 & 2). The former group dominated at the platforms and significantly increased over the years at A p . In contrast, the 2 categories gave similar catch yields at the control sites. Comparison between each platform and its respective control site indicated that the catch rates of PA fishes were generally higher around the structures, even though the difference was statistically significant only between A p and A c (Table 4 ). In contrast, greater catch rates (as biomass) of NA species were recorded at R c compared to R p , while no differences were recorded between A p and A c (Table 4) .
The only AT pelagic fish recorded in the whole sampling period was Seriola dumerili, a voracious predator mainly caught near the platforms (Appendices 1 & 2).
Nekto-benthic species were mostly AT (Diplodus sargus, Umbrina cirrosa, Sciaena umbra) and PA (Diplodus annularis, Pagellus bogaraveo, Trisopterus minutus capelanus) at R p , PA (P. bogaraveo, T. minutus capelanus) and NA (Merluccius merluccius, Merlangius merlangus) at A p and NA at both control sites ( Comparison between each platform and its control site showed that AT and PA species were significantly more abundant at R p than at R c (Table 4) , while between A p and A c the difference was significant only for PA fishes. Over the 3 sampling years, this last category significantly increased at A p and decreased at R p , where it was gradually replaced by AT species. These trends were mainly due to variations of the poor cod Trisopterus minutus capelanus, which represented the most important nekto-benthic fish at both platforms (Appendices 1 & 2). Comparison of poor cod catch demography between each platform and the respective control site showed a highly significant difference 190 Table 2 . Results of 2-way ANOVA applied to mean species richness (S m ) and species diversity index (H ') at 2 gas platforms and their respective control sites. **, >> = highly significant; > = significant; b,w: between group/within group; other abbreviations as in Table 1 Factor Table 5 ), with a higher mean size at the platform. Also the catches at R p and A p in the same years (1999 and 2000) were statistically different (Table 5 ) mainly in a greater occurrence of large specimens at the former platform (Fig. 5) . NA species were more abundant at the control sites than at the respective platforms, although the difference was significant only between R p and R c (Fig. 4 , Table 4 ). A noticeable increase in weight of this category was recorded in YA1 at A p , due to an exceptional catch of Myliobatis aquila, but it was not statistically significant. Conversely a gradual, significant decrease occurred at A c (Fig. 4, Table 4 ).
Benthic fishes were mostly NA species at each site ( Fig. 4) and were mainly represented by Trigla lucerna, Solea vulgaris and Squalus acanthias, the latter species being recorded only at A p and A c (Appendices 1 & 2). Catches of this category were generally higher at control sites, although a significant difference was observed only between R p and R c in terms of biomass (Table 4 ). Rockfishes such as scorpenids (especially Scorpaena porcus and S. notata) and Mullus surmuletus made up most of the AT benthic fish catches, which were significantly greater at the platforms (Table 4) . Comparison among years revealed a highly significant increase of this category from YC to YA2 at A p and A c (Fig. 4, Table 4) .
Finally, the PA benthic fishes were very scarce in catches, being represented only by small quantities of Gobius niger at each site (Appendices 1 & 2).
Molluscs were also very scarce, making up less than 4% of the overall catches at each site (Fig. 3 , Appen- 191   Table 3 . Results of 2-way ANOVA applied to log 10 -transformed data of abundance (N) and biomass (W) recorded at the 2 platforms and their respective control sites. **, >> = highly significant; > = significant. Other abbreviations as in Tables 1 & 2 Table 4 . Kruskal-Wallis test (p-values) for main species groups at 2 gas platforms. AT: attracted; PA: partially attracted; NA: non-attracted; **highly significant; *significant; n = number of observations; other abbreviations as in Table 1 Factor df, n . In terms of biomass, catches were dominated by Bolinus brandaris (AT) at R p and R c and were significantly higher at the platform (Fig. 4, Table 4 ). Conversely, similar yields were recorded at A p and A c ; at these sites, the most representative species were Sepia officinalis (NA) and Octopus vulgaris (AT), which significantly increased at A p in YA2.
Crustaceans made up 20 and 24% of the total catches at R p and R c, respectively, while they were less important at A p (0.5%) and A c (2%). They were mainly NA species such as Squilla mantis and Penaeus kerathurus at the 2 former sites, and Maja squinado and Nephrops norvegicus at A p and A c (Fig. 4, Appendices 1 & 2) . AT species were exclusively caught around the platforms and consisted of Maja crispata at R p and Homarus gammarus at both sites. Catches were slightly higher at the 2 platforms than at the respective control sites, and gradually increased at R p and R c from YA1 to YA3. Differences were not statistically significant either between sites or among years (Fig. 4, Table 4 ).
Species diversity
H ' was ubiquitously rather high, being always greater than 0.6. It followed similar trends at R p and R c , without significant variations among years, but with significantly higher values at the platform. In contrast, a gradual increase occurred at A p from YC to YA2, but not at A c . No significant differences were found either between the 2 sites or among sampling years (Fig. 6, Table 2 ).
DISCUSSION
Sampling aimed at studying fish assemblages in the vicinity of gas and oil platforms requires the use of passive fishing gears, since active gears are difficult to tow near rigs (Soldal et al. 2002) . In this context, the trammel net, besides being less selective than other passive gears (Fabi et al. 2002b , Løkkeborg et al. 2002 , is also the most suitable technique for sampling in the vicinity of artificial structures on a regular basis (Bombace et al. 1997) . In spite of this, the limited height of the net in relation to the water column and its selectivity may have undersampled the fish assemblages, and especially pelagic fishes, both around the platforms and at the open-sea control sites.
Higher species richness, diversity and catch rates were recorded at the platforms than at the control sites, indicating that, as reported for the Gulf of Mexico (Stanley & Wilson 1990 , 1997 ), California (Love & Westphal 1990 , Love et al. 1994 , Helvey 2002 and the North Sea (Olsen & Valdemarsen 1977 , Løkkeborg et al. 2002 , in the Adriatic Sea these structures act as artificial reefs, attracting aggregations of fish species and leading to enrichment and greater diversification of the local fish assemblage.
These effects were mainly due to the higher occurrence around the structures of reef-dwelling or partially reef-dwelling species, which are less common in the natural habitat. As for artificial reefs, orientation, higher prey availability and shelter may be some of the factors inducing fishes to congregate around offshore platforms. In addition, the platforms extend throughout the entire water column, with a unique facility to attract fishes in all water layers from the bottom to the surface (Grove et al. 1991 ). In our study, pelagic and nekto-benthic species dominated in catches around the platforms, where they probably gather mainly for orientation and because of higher prey densities. One of the most representative PA nekto-benthic species at both platforms was the poor cod Trisopterus minutus capelanus, which was more abundant than at the open-sea control sites, in accordance with the adults' habit of aggregating near submerged hard substrates (Froglia 1981 , Spanò et al. 1998 . Also, the greater occurrence of large specimens at R p than at A p is consistent with the inverse size/depth relationship observed for this species in the Tyrrhenian Sea (Biagi et al. 1996) . On the other hand, high prey and shelter availability may attract reef-dwelling benthic fishes such as scorpenids, which may find a suitable habitat in the large shell mounds formed by mussels Mytilus galloprovincialis falling from the rig on to the seabed and thus creating a specific ecosystem (Fabi et al. 2002a, in press ). Most scorpenids caught at R p and A p were adults, as reported by Love et al. (1994 Love et al. ( , 1999 Love et al. ( , 2000 , who observed high abundances of subadult and adult rockfishes associated with large amounts of mussel shells on the seabed underneath offshore platforms in Santa Barbara Channel, California. Other voracious predators such as Lophius spp., which have no affinity to hard substrates, were recorded at A p , probably attracted by the richness of prey.
As already observed in other areas (Stanley & Wilson 1991 , 1996 , 1997 , Løkkeborg et al. 2002 , some differences were found in abundance, composition and evolution of the fish assemblages between the 2 platforms, probably as a function of differences in depth and distance from the coast.
Comparing the 2 rigs in YA1 and YA2 with their respective control sites, both platforms showed their influence in terms of species richness and diversity within the first year after the end of installation. In contrast, from a quantitative point of view, the platform furthest offshore and in deepest water displayed somewhat higher fish abundances than that closer to shore in shallower waters, reflecting a greater and faster aggregation effect. This difference was mainly due to an increase in mobile, pelagic and nekto-benthic species, which are partially attracted by hard substrates, and their faster colonisation of A p might be due to the shorter distance (5.5 km) of this platform from the next platform, in contrast to R p , which is ~12 km from the nearest platform. In addition, as pelagic fishes respond to visual attraction by the structure rather than to physical parameters such as submerged surface area and volume of water enclosed (Stanley & Wilson 1991) , their lower occurrence at R p might be a consequence of the greater water turbidity at this platform, which is more affected by river inflow than is A p (Revelante & Gilmartin 1976 , 1992 , Krasakopoulou & Souvermezoglou 1996 .
On the other hand, a faster and greater colonisation by AT nekto-benthic species, especially seabreams (i.e. Diplodus sargus, D. vulgaris, Spondyliosoma cantharus) and corbs (Sciaena umbra and Umbrina cirrosa) occurred at R p than at A p , probably because the water depth of the former platform lies more within the preferred ranges of these species in the central and northern Adriatic Sea. Moreover, most of them are less mobile than other PA species such as Pagellus bogaraveo and P. erythrinus, which rapidly increased at A p .
From an ecological point of view, the occurrence of specific fish assemblages associated with the invertebrate populations encrusting the pilings (especially mussels; authors' unpubl. data) and settled on the large shell mounds that had fallen from the upper parts of the platforms to the sea bottom (Fabi et al. in press) indicates that in the Adriatic Sea the gas platforms increase the habitat complexity of the flat and homogeneous bottoms of the basin, providing additional habitat for reef-dwelling species. Because of their open structure and lack of interstitial spaces, platforms may be not as efficient as artificial reefs at attracting or increasing some fish species that are strictly dependent on such shelters. However, taking into account that each platform is surrounded by a 0.5 km radius protection zone in which all types of fishery, professional and recreational, is prohibited and that the seabed of the Adriatic Sea is strongly exploited by trawlers, the gas platforms can represent small protected areas where various fish species, at different stages of their life, may have greater survival opportunities. Therefore, the presence of a large number of these structures can contribute to increasing fish biomass, even though at present it is impossible to evaluate what the effect may be on the fish stocks of the region as a whole. 
